The inflammatory response plays out over time in a reproducible and organized way after an initiating stimulus. Here we show that genes activated in cultured mouse fibroblasts in response to the cytokine tumor necrosis factor could be categorized into roughly three groups, each with different induction kinetics. Although differences in transcription were important in determining the grouping of these genes, differences in mRNA stability also exerted a strong influence on the temporal order of gene expression, in some cases overriding that of transcriptional control elements. Transcripts of mRNA expressed early had abundant AU-rich elements in their 3¢ untranslated regions, whereas those expressed later had fewer. Thus, mRNA stability and transcriptional control, two intrinsic characteristics of genes, control the kinetics of gene expression induced by proinflammatory cytokines.
As long ago as the first century BC, the inflammatory process was recognized as evolving in stereotyped stages 1 . No matter what invading organism or tissue injury incites the response, the temporal order of inflammatory events is very similar. From a cellular point of view, neutrophils are the first to arrive at a site of inflammation, and they stay for only a short time (the first 24 h). Monocytes arrive somewhat later but stay for days. Tissue-remodeling processes take over during the late stages of inflammation 2 .
There are two possibilities for how this stereotypical process could be orchestrated: each stage could induce the next, or the temporal order of events could be 'encoded' intrinsically in the genes involved in the inflammatory process. By analyzing events in cultured cells, we have come to realize that much of the time course of the response program is 'encoded' in the genes themselves. The sequential order of gene expression and the relative duration of the various inflammatory events seem to be pre-set as a part of the gene activation program. The process is probably the result of interplay among elements that regulate transcriptional induction, transcriptional repression and mRNA stability. Here we focus on the function of mRNA stability.
Tumor necrosis factor (TNF; A002291) is an important inflammatory cytokine involved in both acute and chronic inflammation 3 . The effects of TNF are mediated by a group of transcription factors, including NF-kB, AP-1 and interferon-regulatory factors. Among those, NF-kB is a key factor critically involved in most of the effects of TNF [4] [5] [6] . Global gene activation induced by TNF and other proinflammatory cytokines [6] [7] [8] [9] has been studied extensively. Such studies have focused mainly on identifying genes induced in response to a particular stimulus 8 , in a particular cell type 7 or during a particular disease 9 . The genes identified have been grouped according to their functions 10 and transcriptional regulation modes [5] [6] [7] [8] [9] 11 . However, those studies did not concentrate on examining properties common to genes induced in a particular temporal order.
To understand the molecular processes underlying the temporal order of gene expression after TNF stimulation, we studied cultured fibroblasts, which are representative of cells at the site of an injury. At a site of injury, resident as well as incoming cells produce TNF 3 ; thus, all cells in the vicinity are bathed in TNF throughout the response. We therefore examined cells continuously exposed to TNF. We found that the activated genes were in three kinetic categories. Although transcriptional control was certainly a determinant of the kinetics of gene expression, the stability of the mRNA encoded by the three groups of genes had an unexpectedly key function.
RESULTS

Temporal gene-induction patterns in fibroblasts
We started our study by examining the timing of gene activation induced by TNF. For this, we did a microarray analysis of gene expression in mouse embryonic 3T3 fibroblasts at three times (0.5, 2 and 12 h) after the addition of TNF. Using the criterion of a greaterthan-twofold induction with a P value of less than 0.01, we found that approximately 250 genes were upregulated or downregulated at some or all of these time points (Fig. 1a ). We clustered the induced genes with the 2D Clustering Wizard and agglomerative clustering algorithm 12 provided with the Rosetta Resolver 7.2 software. We then further investigated only those 180 genes that were upregulated after stimulation with TNF.
As reported in an earlier, more limited study, the kinetics of gene induction by TNF vary considerably from gene to gene 5 . However, in this larger set of upregulated genes, we discerned three broad classes of induction kinetics, each most directly characterized by the time of peak mRNA expression: group I peaked at 0.5 h, group II peaked at 2 h and group III peaked at 12 h ( Fig. 1b) . By examining more time points, we were able to find individual variation in the groups 5 , but the representative kinetics of individual genes analyzed by quantitative RT-PCR showed the strength of the generalization ( Fig. 2 and Supplementary  Fig. 1 online) . These three groups could be called early, intermediate and late genes, and in fact the mRNAs encoded by genes in group I predominated early, those in group II predominated at around 2 h and those in group III predominated at later time points after TNF stimulation ( Supplementary Table 1 online and data not shown).
We then determined whether the genes in one group shared common molecular properties that distinguished them from genes in the other groups. We first extensively compared the function, subcellular localization, expression and induction of each gene product after TNF stimulation. None of these criteria 'mapped cleanly' onto the groups ( Supplementary Table 1 ). What accurately characterized the groups was solely the kinetics of induction. However, although we initially used the peak expression as the determining factor, we noted more similarities in the patterns of genes in each group (Fig. 1b) . For example, the expression of genes in group I peaked at 0.5 h and then quickly decreased, often to baseline or below, by 2 h. Genes in group II continued to increase in expression until 2 h after TNF stimulation, and thereafter their expression was sustained; many genes had higher expression throughout the course of our observation (up to 24 h). Genes in group III gradually increased in abundance but with delayed kinetics, often not reaching peak expression even at the end of the 24-hour observation period.
The expression patterns of these genes were reproducible in various different derivatives of 3T3 fibroblasts (with a few exceptions, as discussed below). To compare a very disparate type of cell, we studied human primary dermal fibroblasts and found similar patterns, with a few differences. For example, the basal expression of many genes was low, and the expression some genes of group I did not decrease sharply after peaking at 0.5 h ( Supplementary Fig. 2 online) .
Ccl20, Ccl2 and Mmp13 were three exceptions to the patterns described above. In some experiments, Ccl20, a gene in group II (and, less frequently, Ccl2), peaked at 0.5 h like a gene in group I ( Supplementary Fig. 3 online and data not shown). However, the expression of Ccl20 and Ccl2 then remained higher throughout the time course, like genes in group II. Thus, these two genes may be borderline members of groups I and II. Similarly, the pattern of Mmp13 expression seemed to incorporate elements of groups II and III (data not shown). However, most genes were consistently in one group.
Response to inducer removal
The patterns of mRNA accumulation are influenced by ongoing transcription and mRNA degradation. To distinguish the influence of each of these variables, we first examined gene-expression changes in response to TNF removal. We removed TNF at 6 h after its addition and extensively washed the cells. Most mRNA transcripts of genes in group I had such low expression that removal of TNF had little discernable effect; detectable mRNA transcripts of genes in group I rapidly returned to baseline after TNF removal ( Fig. 2a ). The accumulation of mRNA encoded by genes in group II stopped abruptly and quickly returned to baseline ( Fig. 2a ). This suggested that the washing process was effective in removing TNF and that continual stimulation is essential for maintaining the sustained phase Figure 2 Gene expression after TNF withdrawal. (a) Quantitative RT-PCR of gene expression in 3T3 fibroblasts exposed to TNF (10 ng/ml) continuously for 10 h (TNF) or exposed to TNF for 6 h, after which TNF was washed away (TNF withdrawal). Data are representative of three to six independent experiments with similar results (mean and s.d. of triplicate samples). (b) ELISA of CCL2 and CCL5 protein in supernatants of human primary dermal fibroblasts left untreated (Medium), treated with TNF for 6 h (TNF) or treated with TNF for 6 h followed by incubation for 18 h in medium alone (TNF withdrawal). The production of CCL2 and CCL5 without induction was too low (approximately 20 pg/ml) to be evident with the scale used here. Data are representative of three independent experiments with similar results (mean and s.d. of triplicate samples).
of these genes. In contrast, transcripts of mRNA encoded by genes in group III were resistant to the withdrawal of TNF. Although further accumulation ceased, their expression did not decrease substantially even by 4 h after removal of TNF ( Fig. 2a) . We further confirmed that result by studying additional genes in group III in mouse fibroblasts and the same genes in human primary dermal fibroblasts. Expression of the group-III genes Ccl5 and C3 was still high after removal of TNF ( Supplementary Fig. 2 ). Similarly, CCL5 protein was still robustly secreted after TNF removal, whereas expression of CCL2, a protein encoded by a gene of group II, decreased after TNF removal (Fig. 2b) . The results reported above indicated that the three groups of genes were controlled by very different mechanisms. Genes in group I were transcribed quickly after TNF addition but then 'turned off' after half an hour. The mRNAs encoded by genes in group I must therefore be very unstable and their transcription must be inhibited, because even in the presence of TNF, their expression fell to baseline. Many but not all genes of group II were also induced quickly after TNF stimulation, but their accumulation continued until about 2 h, when it reached a plateau. As removal of TNF quickly diminished the expression of mRNA encoded by genes in group II at 6 h, these mRNAs are continually transcribed but are also quite unstable. The expression of genes in group III was induced more slowly, but once transcription was under way, the mRNAs were very stable.
One trivial explanation of the data might be that different genes react differently to a particular concentration of inducer. Thus, we varied the concentration of TNF ( Supplementary Fig. 3 and data not shown). We did find some prolongation of induction at higher concentrations but found no change in the kinetic pattern of gene expression.
The stability of mRNA influences induction patterns
To directly investigate the function of mRNA stability, we measured changes in mRNA expression over time by quantitative RT-PCR after blocking transcription with actinomycin D. We measured baseline mRNA stability (uninduced) and mRNA stability after various times of induction, normalized to that of the relatively stable Rpl32 mRNA (which encodes the ribosomal protein L32). It is well known that some mRNA transcripts in group I, such as the mRNA encoding the mitogen c-Fos, are very unstable 13 . We tested 15 genes in group I and all acted similarly ( Fig. 3 , Table 1 and data not shown). The half-lives of mRNA transcripts in group I varied from 0.2 to 0.9 h, with some tendency toward a shorter half-life before or just after induction ( Table 1 ). The mRNA encoded by genes in group II was more stable, with half-lives varying from 1 h to 8 h or more. Again, baseline stability was somewhat less than the stability after induction. For the genes in group III, we could not measure a half-life because we found no consistent decrease in expression up to 4 h after treatment with actinomycin D. The relative values of many mRNA transcripts of genes in group III actually increased after normalization to Rpl32 (Fig. 3) . The concentration of actinomycin D used here (10 mg/ml) acts quickly and completely 14 , so the reason for that last observation may be that Rpl32 mRNA does show some instability and the mRNA encoded by genes in group III is even more stable than Rpl32 mRNA. Modulation of mRNA stability by extracellular signals does occur through the induction of Zfp36 (which encodes tristetraprolin) [15] [16] [17] [18] and other factors 19 . Zfp36 expression was indeed highly induced by TNF in 3T3 fibroblasts ( Supplementary Fig. 1 ) and may be responsible for the small decrease in half-life of some genes in group I immediately after TNF stimulation. However, TNF did not substantially alter mRNA stability, and the relative differences in mRNA stability among the three groups of genes seemed to be intrinsic to the genes themselves.
Although actinomycin D may have side effects, the results from these experiments are in agreement with those of the TNF withdrawal analysis ( Fig. 2a and Supplementary Table 2 online) . These results collectively support the view that mRNA stability is a key determinant controlling the kinetic patterns of TNF-induced gene expression.
Gene-induction patterns in primary macrophages
To examine TNF-induced kinetic patterns of gene expression in another cell type, we examined mouse bone marrow-derived primary macrophages. Most genes activated by TNF in fibroblasts were also activated by TNF in macrophages; in addition, most activated genes were in the same groups as those in fibroblasts, when classified by kinetics and half-life ( Fig. 4a and Table 1 ). We noted a few exceptions. First, Ccl2, which in fibroblasts was at the borderline between groups I and II, had distinct group-I kinetics in macrophages (Fig. 4b) .
Mmp13, which in fibroblasts was at the borderline between groups II and III in fibroblasts, was distinctly in group II in macrophages (data not shown). In both cases, these discrepancies were due to a lower half-life of mRNA ( Table 1 ). In fact, overall, mRNA transcripts had shorter half-lives in macrophages than in fibroblasts ( Table 1) . Thus, relative mRNA stability seems to be a chief determinant of activation kinetics in both fibroblasts and macrophages. Notably, although Tnf and Il1b (which encodes interleukin 1b) were highly induced by TNF in macrophages, their induction was almost undetectable in fibroblasts ( Table 1) . This cell-specific difference may represent an important mechanism for the rapid propagation of inflammatory signals; its basis is unclear.
Lipopolysaccharide-induced mRNA stabilization
To determine whether another proinflammatory stimulus elicited the same kinetic patterns of gene expression, we used the bacterial cell wall product lipopolysaccharide (LPS), which stabilizes Tnf mRNA and Il1b mRNA 20, 21 . Many genes were expressed with similar kinetics in TNF-and LPS-stimulated macrophages (Fig. 4a) . However, LPS, unlike TNF, stabilized Tnf and Il1b mRNA ( Table 1) . Notably, LPS also stabilized mRNA transcripts encoding the neutrophil-attracting chemokines CXCL1 and CXCL2 and the monocyte-macrophage chemokine CCL2, but had less effect on the T cell-attracting chemokine CXCL10 (IP-10), c-Fos and the NF-kB inhibitor IkBa ( Table 1) .
The stabilization effect of LPS was transient, being stronger at 0.5 h than at 6 h ( Table 1) . However, gene activation induced by LPS involves complications not presented by TNF, possibly because LPS potentiates the activation of NF-kB 22 and induces the production of autocrine factors such as TNF itself 23 and interferon-b 24 . LPS-induced alterations in mRNA stabilization produced predictable effects on the overall induction kinetics of these mRNA transcripts ( Fig. 4b and data not shown), which further supports the idea that mRNA stability exerts a strong influence over gene-expression patterns. 
Relative mRNA stability is 'encoded' in the genome
The stability of mRNA is determined at least in part by AU-rich elements (AREs) in the 3¢ untranslated region (UTR). The classical ARE sequence was originally recognized in the 3¢ UTRs of Tnf 25, 26 and Fos 13, 27 . Other types of AREs have been found that are also involved in regulating mRNA stability 19, 28 . To search widely for AREs, we used the sequence 'ATTT' embedded in a string of at least seven A and T residues as a core element to scan 3¢ UTRs in the mouse genome. We found that the number of possible AREs was highest in the 3¢ UTRs of mRNA transcripts of genes in group I (four to ten AREs), intermediate in those of group II (two to four AREs) and lowest in those of group III (no AREs to one ARE; Table 1 ). This finding suggests that the relative stability of mRNA is determined by ARE content.
To examine directly whether the 3¢ UTRs of the genes were the determining factor influencing their expression pattern, we created a series of transgenes expressing green fluorescent protein (GFP) controlled by the promoter of a gene from group I (Cxcl2), group II (Cxcl10) or group III (Ccl5) in combination with the 3¢ UTR of either Fos (group I) or Ccl5 ( Supplementary Fig. 4 ). As expected, GFP mRNA became unstable (although somewhat less unstable than the actual Fos mRNA) when linked to the Fos 3¢ UTR, but it remained stable with the 3¢ UTR of Ccl5; these differences in stability were maintained independently of the promoter linked to the GFP transgene ( Fig. 5a and data not shown). Basal expression of transgenes linked to the 3¢ UTRs of genes in group III was high, presumably because the control mechanisms that ordinarily keep genes of group III repressed are not effective in the transgene context. The 3¢ UTR of Fos resulted in group-I kinetics, regardless of whether it was linked to the promoter of a gene from group I, II or III; GFP transgenes linked to the 3¢ UTR of Ccl5 had group-III kinetics, even when driven by the promoter of a gene from group I or group II (Fig. 5b) . These results confirm that the 3¢ UTR was the main determining factor of gene-expression patterns in this system.
DISCUSSION
It is puzzling that a single cytokine, TNF, is able to induce a process as complex and dynamic as the inflammatory response. It is even more puzzling that TNF does this mainly through the activation of NF-kB; the effects of TNF are considerably blunted in cells lacking NF-kB 4-6 . A highly integrated set of events must ensue after activation of the TNF receptor, and these events must influence a wide range of genes that are 'programmed' to react to receptor activation in varied ways. Studies have attempted to elucidate these events and the genes they influence 4, 5, 23, 29, 30 . Here we have shown how genes activated by continuous exposure to TNF were expressed in patterns determined to a large extent by the stability of the mRNA encoded by each gene.
We classified TNF-induced genes into three groups according to their kinetics of expression. The mRNA transcripts of each group showed distinct stability. Genes of group I encoded highly unstable mRNA transcripts; thus, when the transcription of these genes was diminished, as it was within the first hour after TNF treatment, the amounts of the corresponding mRNA transcripts decreased rapidly. The rapid decrease in the transcription of genes in group I after 30 min of TNF stimulation was most likely due to transcriptional suppression after induction, because it correlated temporally with the synthesis of some negative regulators, such as IkBa and A20, and a sharp decrease in the activity of IkB kinase [31] [32] [33] [34] . The great instability of the mRNA transcripts of genes in group I was not conferred on them by TNF treatment, as they were equally unstable in TNF-induced and resting cells. Thus, instability is an intrinsic property of gene structure. Instability was associated with a large number of AU-rich tracts, which are known to destabilize mRNA. Furthermore, the 3¢ UTR of a gene from group I appended to a transgene linked to the promoter of a gene from group II or III resulted in the adoption of a group-I accumulation pattern.
The mRNA transcripts of genes from group II were more stable and contained fewer AU-rich tracts. Their transcription did not decrease as abruptly as that of genes from group I. The combination of continued transcription and moderate stability meant that their mRNA transcripts reached a plateau at amounts higher than the amounts in resting cells.
Genes of group III were the most notable. Their mRNA, whether in induced cells or uninduced cells, was so stable that over a 4-hour period we did not discern any instability. The 3¢ UTRs of genes from group III had almost no AU-rich regions. Their transcription was delayed but, once started, resulted in an accumulation that showed no decrease, even over 12 h. The 3¢ UTR of a gene from group III completely converted the accumulation pattern of a transgene linked to the promoter of a gene from group I or II to that of mRNA of group III. Although all of the mRNAs encoded by genes of group III had the same high stability, by another criterion, genes of group III were very different. Some, like Ccl5, were induced with the same kinetics regardless of whether or not the cells were treated with cycloheximide to stop protein synthesis at the time of induction 35 (unpublished data). Others were blocked by cycloheximide, which indicates that their induction requires the production of a new protein. Other investigators have considered this a key characteristic with which to categorize TNF-induced or growth factor-induced genes 35, 36 .
Thus, the activity of the three groups of genes can be explained in terms of three parameters: induction of gene transcription, secondary induced transcriptional silencing, and intrinsic stability. These parameters interact to lead to three phases of the inflammatory response to TNF. An early phase is dominated by genes of group I, a middle phase is dominated by genes of group II and, during a late phase, genes of group III become increasingly important. This response is 'encoded' mainly in the genome and therefore its temporal order is almost completely unaltered in mouse cells versus human cells or fibroblasts versus macrophages. Although the patterns of a particular group were very stereotyped, the amount of mRNA varied enormously (as shown by the scales of the figures presented here), the inductions varied considerably and the genes in each groups exert a wide range of functions.
Gene-activation kinetics induced by various stimuli have been described. Ten different gene activation patterns were identified in an early study of human primary fibroblasts responding to serum treatment 37 . Subsequently, activation patterns were recorded for cells treated with growth factors 18 , LPS 24, 38 or TNF 35 . Those studies focused mainly on analysis of transcriptional regulation modes for these patterns. For example, a three-class activation pattern similar to what we have described here has been described in macrophages stimulated by TNF 35 . However, the grouping criterion in that study 35 was based on the distinct activities of gene activation in the presence of cycloheximide and thus those gene classifications differ somewhat from ours. For example, Ccl5 and Ccl10 were grouped together in that study 35 , but we assigned them to separate groups, which was justified by their different mRNA stabilities. In addition, the previous study failed to include an early time point (0.5 h) and therefore did not put the highly unstable Cxcl1 in the early category 35 . However, the main difference was our focus on the common characteristic of mRNA stability underlying the groupings.
Another important perspective can be derived from our work. Genes of groups I and II, being induced rapidly after TNF addition, will be induced even by a short pulse of inducer. A pulse as short as 15 min will lead to full induction of a gene in group I (ref. 30 and data not shown). This means that the response to a transient stimulus will be qualitatively different than the response to a prolonged stimulus. There may be an evolutionary importance to this phenomenon, as it may allow minor stimuli to elicit only an early, neutrophil-dominated response. The transcription factors encoded by genes from group I (such as Irf1, Fos and Junb) will activate pathways that involve other genes, so the response to a pulse could nevertheless constitute a rich program of events. It is notable that Fos is a potential oncogene. Restricting the expression of genes from group I to a short pulse may be a mechanism that diminishes the time during which oncogenes could initiate cellular transformation 39, 40 . It is notable that although we grouped the genes entirely on the basis of their expression kinetics, many of these genes have functions that predominate during the temporal phase associated with the group in which we classified them. Genes in group I such as Cxcl1 and Cxcl2 encode neutrophil chemoattractants that can initiate the response to infection. Some chemokines encoded by genes in group II, such as Ccl2 (ref. 41) and Ccl7 (ref. 42) , recruit monocytes, which become macrophages and ingest foreign matter and dying cells. Other molecules encoded by genes in group II, such as Vcam1 (ref. 43) and Csf1 (ref. 44 ), help to tether these cells in the inflamed tissue and drive their differentiation into macrophages. Similarly, many genes encoding molecules involved in tissue remodeling and wound repair are clustered in group III (such as those encoding MMP3, MMP13, PEDF 45 and CyCAP 46 ). MMP3 and MMP13 may also be involved in inactivating the chemokines MCP-1 (ref. 47 ) and MCP-3 (ref. 48 ), which are encoded by genes in group II. In this way, the temporal ordering also facilitates switching from the recruitment of monocytes to the ensuing tissue-remodeling and healing process. This correlation between gene-expression kinetics and function suggests that the timing of many of the events of inflammation is built into the sequences of the genes that control these events.
In this study, we focused on fibroblasts, which support tissues and are actively involved in the evolution of the inflammatory response in tissues. Fibroblasts produce chemokines and cytokines in a preprogrammed way when stimulated by the TNF released locally from resident hematopoietic cells such as mast cells or macrophages that have encountered stimuli such as LPS. Several genes (such as Mmp3 and Ccl20) are expressed in fibroblasts but not in macrophages, which supports the idea that they are necessary in inflammation. MMP3 modulates the extracellular matrix and inactivates some chemokines 47, 48 . CCL20 is a very potent chemoattractant for immature dendritic cells 49 . Fibroblasts have other features that make them a good inflammatory model. In macrophages, TNF can induce the release of TNF itself and interleukin 1b. Although it is an important mechanism of rapidly propagating inflammatory signals, this secondary production of TNF and interleukin 1b can obscure the analysis of gene expression induced by a primary TNF stimulus. Fibroblasts, in contrast, do not express TNF or interleukin 1b in response to TNF. That property facilitated the global analysis of gene activation profiles in our study here.
METHODS
Reagents. Recombinant human and mouse TNF and macrophage colonystimulating factor were from R&D Systems. Escherichia coli LPS (L6529) and actinomycin D (A9415) were from Sigma-Aldrich.
Cell culture and mice. Mouse embryonic immortal 3T3 fibroblast cell lines were generated as described 5 and were maintained at less than 90% confluence in DMEM supplemented with 10% (vol/vol) bovine calf serum (Hyclone) and penicillin and streptomycin. For experiments, cells were cultured for 24 h at low density with normal culture medium and were then maintained overnight with 0.5% (vol/vol) serum before being stimulated with recombinant mouse TNF. Cells were then rapidly collected for RNA extraction; the cell medium was used for enzyme-linked immunosorbent assay (ELISA). Adult human dermal fibroblasts (2320; ScienCell Research Laboratories) were cultured in complete fibroblast medium (2310) as suggested by the manufacturer (ScienCell Research Laboratories). Cells seeded at low density were incubated with a 1:10 dilution of culture medium with basal medium and were stimulated as the 3T3 fibroblasts were. Mouse bone marrow-derived macrophages were obtained as described 50 from C57BL/6 mice (Jackson Laboratory) and were maintained for 7 d in DMEM supplemented with 10% (vol/vol) FBS (Hyclone) and mouse macrophage colony-stimulating factor (20 ng/ml). The medium was changed to fresh culture medium without macrophage colony-stimulating factor 2 h before the addition of stimulants.
GFP transgenes. The endogenous promoters of Cxcl2 (positions À1043 to +67), Cxcl10 (positions À1000 to +66) and Ccl5 (positions À1997 to +48; all positions relative to the transcription start site) were amplified by PCR with C57BL/6 mouse genomic DNA as the template and were subcloned into the third-generation lentiviral vector pHAGE2-CMV-eGFP-W (A.B. Balazs) by replacement of the original cytomegalovirus promoter located between the SpeI and NotI sites. The full-length 3¢ UTRs of Fos and Ccl5 were cloned into the same vector after the stop codon of GFP by replacement of a DNA region including the woodchuck hepatitis virus post-transcriptional regulatory element between the BamHI and Acc65I sites. Correct construction was confirmed by functional assays (such as TNF inducibility) and DNA sequencing. These GFP constructs were stably integrated into the genome of polyclonal mouse 3T3 fibroblasts by infection with lentivirus carrying each construct. Lentiviruses were made by coexpression of the lentiviral construct with packaging vectors (Tat, Rev, Gag-Pol and VSV-G) in 293T cells and collection of the medium at 36-72 h after transfection. Fresh virus-containing medium mixed with fresh medium (1:1) was added to sparsely seeded 3T3 cells in the presence of polybrene (final concentration, 10 mg/ml; TR-1003-G; Chemicon), followed by incubation for 12 h at 37 1C before replacement with fresh medium for an additional 3 d. The efficiency of viral infection was estimated by the fraction of cells expressing GFP and was about 50-80%.
Analysis of mRNA. For quantitative real-time PCR, DNA-free RNA was extracted with an RNeasy Mini kit (Qiagen), followed by treatment with DNase. Total RNA (0.4 mg) was reverse-transcribed with a SuperScript II First-Strand Synthesis kit (Invitrogen). SYBR Green PCR Master Mix (Applied Biosystems) and a 7300 Real-Time PCR thermocycler were used for quantitative PCR, done in triplicate. Results were normalized to those of Rpl32 (with 1 unit of activity defined as 2 À16 transcripts of Rpl32 mRNA). The sequences of most primers were obtained from PrimerBank (Supplementary Table 3 online).
Stability of mRNA. Actinomycin D (10 mg/ml) was added directly to cell cultures that were already treated with TNF or LPS without removal of the original stimulant. Cells were collected at 0.5, 1, 2 and 4 h after the addition of actinomycin D; mRNA was measured by quantitative RT-PCR as described above and results were normalized to those of Rpl32 before the calculation of half-lives. Because of the nonlinearity of mRNA-degradation kinetics, the halflife of labile mRNA (group I and most of group II) was determined by short treatment with actinomycin D (0.5 h), whereas the half-life of more stable mRNA (group III and part of group II) was determined by longer treatment with actinomycin D (2 or 4 h) for better estimation.
ELISA. Supernatants were collected from cell cultures at various times after stimulation with TNF. Antibodies and recombinant proteins were from R&D Systems. ELISAs were done with the R&D Systems ELISA kit as recommended by the manufacturer.
Microarray. For microarray hybridization, 2 mg RNA was labeled, fragmented and hybridized to an Affymetrix Mouse Genome 430 2.0 Array. After arrays were scanned, the expression value of each gene was analyzed with the Rosetta Resolver 7.1 gene expression data analysis system (Rosetta Inpharmatics). Only those genes whose absolute change relative to that of an untreated control was equal to or greater than twofold with a P value of less than 0.01 were clustered with the 2D Clustering Wizard and an agglomerative hierarchical cluster algorithm.
